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ABSTRACT: Stone column installation is used as an economical, simple, and efficient technique for 
soft ground improvement to reduce settlements, increase bearing capacity and accelerate the drainage of 
the foundation soil. While design approaches and analytical methods usually consider the condition of 
a very large loaded area by using unit-cell models, many practical stone column improvement projects 
deal with finite or semi-infinite loading areas (e.g. storage tank foundations and road embankments, 
respectively). In recent years, researchers drew attention to studying the behavior of small groups of 
stone columns. There are some recommendations in the literature for the prediction of settlements of 
small groups of stone columns (Sgroup) based on results of unit-cell models (Suc). However, these methods 
are developed for a specific soft soil or loading condition. This paper presents a relationship for the 
estimation of the ratio of settlement of a finite-sized stone column supported foundation (SCSF) to the 
settlement of an infinite group as obtained from a unit-cell model (Sgroup/Suc). The sub-soil and loading 
conditions are easily taken into account in the proposed relationship. For this purpose, the settlement of 
a large number of SCSFs having various geometrical and mechanical conditions is investigated using 
numerical FEM modeling. 
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1- Introduction
Ground improvement by stone column installation is a 

widely used technique in the field of soft soil rehabilitation. 
Many fields and laboratory tests as well as numerical studies 
show that stone columns can efficiently increase bearing 
capacity and decrease the settlement of foundations [1–5]. 
Moreover, they can be used for accelerating drainage [6,7], 
mitigation of liquefaction-induced excess pore pressures [8–
10], increasing factor of safety of slopes against failure [11], 
and decreasing soil pressures on retaining walls [12]. Stone 
columns can also be used in conjunction with geosynthetic 
encasement [9,13–15], concrete piles [16], circumferential 
nails [17], load transfer bars [18], or skirted foundations 
[19,20].

Many analytical methods developed for calculating the 
settlement of stone column supported foundations (SCSFs) 
[21–24] use unit-cell models. These models assume an 
infinitely large loaded area and due to symmetry, only one 
stone column together with the native soil for a distance from 
the centerline of the column equal to half of the center to center 
spacing of columns is considered. However, many practical 
applications of stone columns (e.g. road embankments, 
lightweight structures, or oil tank foundations) include strip 
(finite in one direction in plan) or rectangular and circular 
(finite in both directions in plan) loading areas. In recent 

years, investigations on the behavior of small groups of SCSFs 
have drawn more attention in research fields [25–30]. Castro 
stated that the settlement of small groups of encased and non-
encased stone columns beneath rigid rafts can be calculated 
using a simplified method in which stone columns in the 
group are replaced by a large diameter central column [29]; 
however, this method cannot be applied for large groups, and 
flexible or strip grafts. Lower lateral confinement of central 
columns in small groups is the key point in dividing SCSFs 
into small and large groups. In unit-cell condition, lateral 
displacement of points in mid-distance between the center to 
center distance of stone columns is restricted, and maximum 
lateral confinement is provided for the central columns (i.e., 
the geometric condition is satisfied) [31]. However, due to 
lateral deformation of the peripheral columns in small groups, 
reduced confinement is expected for the central columns. In 
smaller groups, the effect of the peripheral columns on the 
behavior of the group is more noticeable [26]. On the other 
hand, propagation of vertical stress in-depth due to surcharge 
is lower for small groups [30]. The combination of these two 
effects makes the behavior of small groups of stone columns 
more complex. Therefore, the use of the unit-cell approach 
for determining the settlement of small groups would be 
inaccurate [32].

The effect of group size is evaluated in this study in 
terms of the ratio of settlement of a group having certain 
dimensions (Sgroup) to the settlement of an infinite group in 
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unit-cell condition (Suc). Having the settlement of an infinite-
sized group of stone column (Suc) obtained from analytical 
or simple axisymmetric or 3D numerical modeling, the 
ratio Sgroup/Suc can be used to determine the settlement of a 
finite-sized group. Some recommendations regarding the 
determination of Sgroup/Suc (or other parameters used for the 
determination of the settlement of finite-sized groups based 
on the settlement of a unit-cell model, a single column, etc.) 
are available in the literature; however, they are limited to 
specific conditions (raft shape or rigidity, column encasement 
condition, soft soil properties, etc.). For example, Balaam 
[33] proposed a method based on the theory of elasticity for 
determining an interaction factor that provides the settlement 
of a column due to the loading of another column at a specified 
distance. Polous and Mattes [34] presented a chart based 
on field tests on groups of stone columns which provides 
the ratio of the settlement of a multi-column group to the 
settlement of a single stone column. Priebe [21] developed 
charts for determining Sgroup/Suc for rigid square and strip rafts 
assuming elastic behavior for the native soil and elastoplastic 
behavior for the stone columns. Killeen and McCabe [26] 
derived a closed-form equation for determining the Sgroup/Suc 
of small groups of stone columns supporting concrete rafts 
in the Bothkennar site soil. Ng [30] proposed design charts 
for determining the ratio of Sgroup of floating and end-bearing 
finite-sized groups to the settlement of related end-bearing 
stone columns in unit-cell conditions.

In the current study, changes in the ratio Sgroup/Suc are 
investigated for SCSFs having a wide range of geometrical 
and mechanical conditions. A general equation having only 
3 fitting parameters is proposed, and it is shown that it has a 
suitable function form for fitting the variation of Sgroup/Suc with 
B/Lc (raft width to stone column length) for various conditions. 
In the end, a method for determining the fitting parameters 
of the equation, based on the variation of settlement of rafts 
without stone columns (Lc = 0) with widths (B) is presented 
and it is shown that this method can be adjusted for various 
conditions.

2- Numerical Modeling
Stone column supported foundations (SCSFs) analyzed in 

the current study are assumed to be placed in a site with soil 
stratigraphy and material properties obtained from a typical, 
well-documented soft soil site known as the Bothkennar site 
located in Scotland. The site soil consists of a marine clay 
deposit known as Carse clay. Properties of the site soils have 
been studied widely by Nash et al. [35], Hight et al. [36], 
and Allman and Atkinson [37]. This site was selected since 
it consists of a well-known typical very soft soil for which 
the improvement effects are significant. Also, it is used by 
previous researchers in numerical studies of stone column 
group foundations (e.g. [26,27,38–40]), and it is, therefore, 
possible to compare the results of the current and previous 
studies. Stratigraphy and mechanical properties of soil layers 
of this site are introduced in sec. 2.3. Settlement of concrete 
and granular strip and square rafts, and unit-cell idealization 
for infinite groups of ordinary stone columns (OSC) and 

geosynthetic encased stone columns (GESC) are investigated 
using FEM modeling. Settlement results are presented in this 
paper in the form of settlement improvement factor (SIF), 
which is the ratio of settlement of a raft without columns to an 
SCSF, and the settlement ratio (Sgroup/Suc), which is the ratio of 
settlement of a finite-sized group of stone columns to that of 
the infinite group (unit-cell model) with all other parameters 
being the same.

2- 1- General
The commercial finite element code Plaxis 3D 2016 [41] 

is used in this study for numerical analysis of the settlement 
of SCSFs. Tetrahedral iso-parametric 10-node volumetric 
elements with 4 Gaussian points were used for modeling 
the soil, the stone columns, and the raft in the current study. 
Geogrid elements available in the Plaxis 3D 2016 program 
were used to model the stone column encasement, where 
necessary. These are triangular 6-node planar elements, 
which can resist in-plane tensile stresses but have no bending 
moment or shear stresses. Numerous researchers have 
indicated that no interface elements need to be used between 
the soft soil and the non-encased or geogrid-encased stone 
columns since field observations have shown that sufficient 
interlocking occurs between them (see e. g. [25], [27], [29], 
[42]). Therefore, in the current study, no interface element 
is considered between soil and stone column or encasement. 
Due to symmetry in the geometry and loading condition of 
square and unit-cell models, only one-quarter of the problem 
domain was modeled. For the strip rafts, each numerical 
model was taken to have a width equal to half of the center to 
center distance of the columns. The horizontal dimension of 
strip and square raft models are selected 4 times the raft size 
to minimize boundary effects (as suggested by [43]). For unit-
cell models, the horizontal dimensions of models are equal to 
half of the center to center distance of the columns. The depth 
of numerical models in all analyses is selected to be 14 m 
below the raft. All vertical sides of the model are fixed for 
horizontal displacements and the bottom of the model is fixed 
for displacements in all directions. Fig. 1 illustrates unit-cell, 
strip, and square raft models.

The numerical modeling procedure consists of three 
steps. In-situ stresses existing in the soft soil before column 
installation are generated in the first step. In the second step, 
the columns are installed (i.e. material of the native soil in the 
stone column regions is changed to stone column material) 
and the raft is placed. In this step, stress changes in the native 
soil due to differences in stone column and native soil gravity 
loads are calculated. A drained loading stage is then included 
in the third step to calculate the long-term settlement of the raft 
under a typical service load, which is considered to be 50 kPa 
in the current study. It is worth noting that post-installation 
lateral earth pressure coefficients of the native soil, (K*h), are 
assumed to be the same as those recommended by Killeen 
and McCabe [26] for different layers of the Bothkennar site 
soil. The use of elevated lateral earth pressure coefficient 
(K*h) is a common way to take into account stone column 
installation effects as used by Priebe [21], Watts et al. [44], 
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Elkasabgy [45], Castro [29], and values in the range of 0.7 to 
2.0 are typically employed for this coefficient. Moreover, as 
pointed out by Benmebarak et al. [46], results of numerical 
modeling of column installation using cavity expansion 
theory show that taking into account column installation 
effects by only increasing K*h provides sufficiently accurate 
results compared to the case in which both increases in soft 
soil stiffness and lateral earth pressure coefficient are taken 
into account. 

The hyperbolic non-linear elastoplastic constitutive model 
is known as the Hardening Soil (HS) [47] model available in 
the Plaxis program was used to define the behavior of the 
soil layers, the stone columns, and the granular materials 
comprising the flexible raft. Many researchers successfully 
used this constitutive model for the drained behavior of both 
granular and cohesive materials for numerical modeling of 
stone column groups (see e. g, [26,29,48]). The concrete raft 
and encasement materials were modeled using the linear 
elastic material model. The groundwater table was assumed 
to be at the ground surface. Table 1 shows the mechanical 
parameters of the granular and concrete rafts, and the stone 
column materials, taken as typical values used by many 
researchers (e.g. Sexton and McCabe [49]). In the case of 

GESCs, the columns were considered to be encased over their 
full length, and the stiffness of the geosynthetic materials 
was assumed to be J = E*t = 2500 kN/m, in which J is 
stiffness for the unit width of the encasement material, E is its 
elasticity modulus, and t is its thickness. Typical stiffnesses of 
encasement materials are in the range of 1000 to 4000 kN/m 
[50].

2- 2- The soft soil site used in the current study
The soil profile of the Bothkennar site is divided into three 

layers including the crust; upper Carse clay and lower Carse 
clay. The crust is a shallow 1.5 m thick stiff layer underlain by 
a softer 1 m thick layer known as the Upper Carse clay and a 
12.1 m thick layer of very soft clay known as the Lower Carse 
clay. Table 2 shows the parameters of the various soil layers 
present at the Bothkennar site.

2- 3- Numerical model configuration and analysis cases
A large number of three-dimensional finite element 

analyses were carried out in this study using more than 
1500 numerical models of SCSFs to investigate the effects 
of various factors on their settlement behavior. The stone 
columns were arranged in square groups consisting of 1, 9, 

 
Fig. 1. Typical geometry of numerical models. (a) Square raft, (b) strip raft, and (c) unit-cell model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Typical geometry of numerical models. (a) Square raft, (b) strip raft, and (c) unit-cell model.

Table 1. Mechanical parameters for the stone columns, and the granular and concrete rafts.
 

Table 1. Mechanical parameters for the stone columns, and the granular and concrete rafts. 
 

Material γ (kN/m3) 
Elasticity Modulus (MPa) 

φ' (deg.) c' (kPa) 
E50ref Eurref Pref 

Stone Column 19 70 210 0.1 45 2 
Granular Raft 18 15 45 0.1 30 5 
Concrete Raft 25 E = 20000 - - 
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25, 49, and 81 columns and strip groups having 1, 3, 5, 7, 9, 
11, 15, and 21 column rows across their width. For each case, 
a flexible granular raft and a stiff concrete raft were assumed; 
and, cases with either geosynthetic encased (GESC) or non-
encased stone columns (OSC) were considered. Effects of 
column length ratio Lc/H (in which Lc is the column length 
and H is the soft soil thickness), area replacement ratio (Ar), 
presence of encasement, raft stiffness, and group dimension 
on the settlement performance of SCSFs was investigated.

2- 4- Numerical Model validation
Validation of the numerical analyses conducted in the 

current study is done in two steps including 1) validation of 
soft soil material properties using a full-scale load test on a 

shallow raft performed in Bothkennar site soil by Jardine et al 
[51], and 2) validation of the settlement improvement factors 
resulting from the numerical modeling of encased and non-
encased stone columns in unit-cell condition by comparing 
them with those calculated using the analytical method 
developed by Pulko et al. [52] which is presented in sec. 3-1-
2.

Verification of the HS model parameters adopted for 
the Bothkennar site soil is done by comparing the load – 
settlement curve resulting from the field load test performed 
by Jardine et al. [51] on a 0.8 m thick, 2.2 m width square 
raft without stone. Loading in the field was applied in about 
5 days, and the drained condition is considered. A similar 
validation exercise is used by [26]. Fig. 2 shows a comparison 

Table 2. Material parameters for the Bothkennar site soils (after Killeen and McCabe [26]).Table 2. Material parameters for the Bothkennar site soils (after Killeen and McCabe [26]). 
 

Parameter Crust Upper Carse clay Lower Carse clay 
Depth (m) 0.0 to 1.5 1.5 to 2.5 2.5 to 14.6 
γ (kN/m3) 18.0 16.5 16.5 
E50

ref (MPa) 1.068 0.506 0.231 
Eur

ref (MPa) 5.382 3.036 1.164 
Pref (kPa) 13 20 30 
m (-) 1 1 1 
φ' (deg.) 34 34 34 
c' (kPa) 3 1 1 
Kh

* (-) 1.5 1.0 0.75 
OCR (-) 1 1 1.5 
Pre-consolidation pressure (kPa) 15 15 0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. Comparison of numerical modeling results with load – settlement curve of a pad footing in Bothkennar site obtained 
from field load test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Comparison of numerical modeling results with load – settlement curve of a pad footing in Bothkennar 
site obtained from field load test.
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of the load-settlement curve in the center point of the pad 
obtained from field measurements and numerical modeling in 
this study and those by Killeen and McCabe [26].

3- Results and Discussion
The results of the analyses carried out in the current study 

are presented and discussed in three parts. In the first part, 
the settlement improvement factor (SIF) of unit-cell OSC 
and GESC models having various values of Ar and Lc/H are 
compared with the SIF obtained from the Pulko et al. [52] 
analytical method, and the validity of the numerical modeling 
of encased and non-encased columns have been examined. 
Effects of the width of the strip rafts on the SIF are also 
discussed. In the second part, the effects of various factors on 
the settlement ratio (Sgroup/Suc) are studied. A general equation 
fitted to the numerical results is then proposed and compared 
with the numerical results obtained for the various cases. In 
the third part, explanations are provided about how to obtain 
parameters of the proposed equation for other cases; and, the 
accuracy of the proposed equation is investigated.

3- 1- Settlement improvement factor
Most analytical methods proposed for calculating the 

settlement of SCSFs are based on the calculation of the 
settlement improvement factor (SIF). Examples are the 
methods proposed by Balaam and Booker [53], Priebe [21], 
and Pulko et al. [52]. These methods are presented for the 
calculation of SIF of SCSFs in unit-cell conditions and are 
mainly developed for end-bearing columns; however, with 
some approximations, they can also be applied for floating 
columns. In this section, the results of numerical analyses 
obtained in the current study are first compared with the 

above-mentioned analytical methods, and the effects of group 
size on SIF are then investigated. 

3- 1- 1- Effect of area replacement ratio
SIFs for 1.0 m diameter (Dc = 1.0) end-bearing OSCs 

using unit-cell models (i.e. simulating a large group of stone 
columns) obtained in the current study are compared in Fig. 
3 with the values adopted from Sexton et al. [48] and Killeen 
and McCabe [26]. The latter values are calculated using the 
analytical methods of Priebe [21], Pulko et al. [52], and 
Balaam and Booker [53] and are all obtained for the same sub-
soil condition used in the current study. The analytical method 
presented by Pulko et al. [52] is a closed-form elastoplastic 
extension of Balaam and Booker’s [53] elastic method which 
considers plastic behavior for the stone column material. The 
Priebe [21] design method is based on assuming elastoplastic 
behavior for the stone columns and elastic behavior for the 
surrounding soil and predicts the settlement improvement 
factor of the SCSFs in unit-cell conditions. The Killeen and 
McCabe numerical analysis results for the same condition are 
also provided in Fig. 3. A good agreement generally exists 
between the results of current numerical modeling and those 
of Killeen and McCabe [26], and they are also consistent with 
the results obtained from the analytical methods provided 
by previous research. However, because of the assumption 
of elastic behavior for the stone columns by Balaam and 
Booker [53], their settlement improvement factors are 
generally overestimated, especially for the lower values of 
area replacement ratio.

3- 1- 2- Effect of column length and encasement
SIF of concrete rafts resting on floating and end-bearing 

encased and non-encased 1.0 m diameter stone columns in 

 
 

Fig. 3. Comparison of variations of settlement improvement factor with 1/Ar obtained in various studies. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Comparison of variations of settlement improvement factor with 1/Ar obtained in various studies.
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unit-cell conditions with various values of Ar and Lc/H are 
shown in Fig. 4 together with the SIF values calculated using 
Pulko et al. [52] analytical method, which has best agreement 
with numerical modeling results as shown in Fig.3. Due 
to the various ranges of SIF for floating and end-bearing 
columns, they are plotted in separate figures. It must be noted 
that in the Pulko et al. [52] method, the soil profile and stone 
columns are subdivided into 0.1 m thick sub-layers and the 
material stiffness of each sub-layer is calculated using the 
stress dependency law (E = Eref (p/pref)m). Since the Pulko et 
al. [52] method was derived for end-bearing stone columns, 
evaluation of the floating stone columns’ SIF is conducted 
in this study using the native soil material properties rather 
than the column material properties for sub-layers below the 
column toe. Although there are some differences between the 
values obtained from the analytical and the numerical method, 
especially at high Ar values, a relatively good agreement 
exists between the analytical method and the results of FEM 

modeling for both end-bearing and floating encased and non-
encased columns. Sexton et al. [48] also observed differences 
between the SIF obtained from the Pulko et al. [52] method 
and the FEM at high values of Ar while a good agreement 
was observed for lower values of Ar. Agreement between 
numerical modeling results and those calculated based on the 
analytical method proposed by Pulko et al. [52] is considered 
as verification of the numerical modeling procedure of stone 
columns in unit-cell conditions. However, SIF values obtained 
from numerical modeling of strip rafts having various widths 
(B) as presented in the next section shows that the SIF of 
large strip rafts asymptotes to unit-cell results, and therefore, 
numerical modeling of strip groups of stone columns can also 
be verified.

As shown in Fig. 4, increasing Ar causes the SIFs to 
increase. However, in floating columns, a limiting value of 
SIF can be defined such that greater SIF values cannot be 
achieved by increasing Ar. The limiting SIF value seems to 

 
 

 
 

Fig. 4. Comparison of numerical (current study) and analytical (Pulko et al. [52] method) values of SIF for different values 
of Lc and Ar for OSCs and GESCs in unit-cell condition (a) floating column and (b) end-bearing columns. 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Comparison of numerical (current study) and analytical (Pulko et al. [52] method) values of SIF for different 
values of Lc and Ar for OSCs and GESCs in unit-cell condition (a) floating column and (b) end-bearing columns.
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be almost the same for OSCs and GESCs for which other 
parameters are the same. Also, Fig. 4a shows that floating 
GESCs reach the limiting value of SIF at a smaller Ar 
compared to OSCs. SIF for end-bearing columns as shown 
in Fig. 4b continuously increases with an increase in Ar for 
GESCs and OSCs and there is no limiting value for SIF in 
end-bearing columns. This behavior is mainly due to the 
different deformational behavior of end-bearing and floating 
stone columns as discussed in the following sections.

3- 1- 3- Effect of group width
Settlements of concrete strip rafts having various widths 

supported by both OSC and GESC with various Lc/H and a 
diameter of 1.0 m were determined. Fig. 5 shows the effects 
of group width on the SIF of strip SCSFs consisting of OSCs 
and Fig. 6 shows similar results for GESCs. According to 

these figures, in the case of floating groups, both in OSC and 
GESC, raft width ratios (B/H) greater than 2 have negligible 
effects on the SIF. In other words, the settlement at the 
location of the central columns of the raft in groups with raft 
width ratios beyond this value is close to the settlement of 
a large (i.e. infinitely wide) group, and the unit-cell concept 
is therefore applicable to the determination of the settlement 
of the interior columns. Similarly, for end-bearing SCSFs, 
it can also be seen that with the increase in B/H, the SIF 
converges to the value of the SIF corresponding to the unit-
cell condition; however, in this case, the convergence rate is 
slower in comparison with the floating groups. In the case 
of end-bearing stone columns, the limiting value of B/H is 
approximately 3, beyond which raft width no longer affects 
the results. 

It can be seen from Fig. 5 and 6 that in general, the SIF 

 

 
 

 
 
 

Fig. 5. Effect of width of strip concrete raft supported by groups of OSC on the SIF for (a) floating and (b) end-bearing 
groups. 

 
 

 

 

 

 

 

 

 

 

 

Fig. 5. Effect of width of strip concrete raft supported by groups of OSC on the SIF for (a) floating and (b) end-
bearing groups.
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decreases with an increase in B/H of floating column groups; 
while it increases with the increase in B/H of end-bearing 
column groups. This behavior can be attributed mainly to 
the difference in the distribution mechanism of stresses and 
settlements in the floating and end-bearing SCSFs. Increasing 
raft width leads to an increase in the magnitude of vertical 
stress at depth in the soft soil in floating groups; while in the 
case of end-bearing groups, the vertical stresses are transferred 
to the bearing layer through the columns. In floating groups, 
an increase in the stiffness of the improved block due to an 
increase in the Ar and the higher column confinement due to 
the use of encasement have limited effects on the SIF, and 
the raft settlements occur mainly due to settlement of the soil 
below stone column reinforced block. Therefore, an increase 
in B/H decreases the settlement improvement factor due to 
penetration of the vertical stresses to greater depths in the soft 

soil as a result of the larger loaded area. However, in the case 
of end-bearing groups, the settlement depends primarily on 
the ability of the columns to transfer the loads to the bearing 
stratum. As the group width increases, more columns in the 
group will behave as interior columns and will have greater 
confinement and smaller settlements. In smaller width groups, 
more columns will be closer to the group perimeter and will 
have less confinement and higher settlement. Fig. 5(b) and 
6(b) show that in end-bearing columns, the effect of group 
width (B) is more pronounced for higher area replacement 
ratios, likely due to the greater effect of confinement as 
column spacing decreases at higher Ar. An increase in Ar or 
use of encasement, increase the stiffness of the improved 
block, and this leads to the transfer of a higher proportion 
of the surface load to the bearing stratum through the stone 
columns as shown later. In this case, higher confinement can 

 

 
 

 
 

Fig. 6. Effect of the width of strip concrete raft supported by groups of GESC on the SIF for (a) floating and (b) end-
bearing groups. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Effect of the width of strip concrete raft supported by groups of GESC on the SIF for (a) floating and (b) end-
bearing groups.
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have a greater effect on increasing the SIF.
Fig. 7 shows the distribution of the vertical effective stress 

in the soil profile for a concrete strip raft supported by a group 
of OSCs for Ar = 35% (in which the effect of group dimension 
is more significant), and for B/H = 0.54 and 2.25. The figure 
compares results for an end-bearing column group with those 
for a floating group having Lc/H = 0.57. As shown in the 
figure, vertical stresses in the soil surrounding the columns in 
the case of end-bearing groups are not much affected by the 
group width; while in the case of the floating group as shown 
in Fig. 7(a) and 7(b), the wider raft induces higher vertical 
stresses in the soft soil. Moreover, a comparison of stress 
contours inside and outside the end-bearing columns in Fig. 
7(c) and 7(d) indicates that a higher proportion of the surface 
load is transferred by the stone columns in the wider group. 
This has led to similar stresses (and settlements) experienced 
by the soft soil, despite the much higher loads applied to the 
SCSF, and the higher stresses induced in the columns in the 
larger group. Therefore, in end-bearing groups, the SIF will 
be higher in the case of a larger group.

Variations of the vertical strains with depth along a vertical 
line crossing the centerline of the above-mentioned groups 
are also plotted in Fig. 8a and b, respectively, for floating 
(Lc/H = 0.57) and end-bearing groups (Lc/H = 1.00). It must 
be mentioned that in this figure, vertical strains of floating 
groups (Fig. 8a) have been shown for stone column-reinforced 
depth (up to depth -8 m below the raft) and the soil beneath 
the stone columns (depth -8 m to -14 m below the raft). It can 
be seen from the figure that increasing B/H from 0.54 to 2.25 
in the case of floating columns increased the vertical strains 
in the regions under the stone columns and that the improved 
block seems to punch into the underlying soil. In the case of 

end-bearing columns, the increase in column stiffness (due 
to an increase in confinement just below the stiff surficial 
crust layer) has caused a decrease in the vertical strain of the 
column for the case with B/H = 2.25. The magnitude of the 
maximum vertical strain at depth for the floating group is 
about 5 times larger than that for the end-bearing group, and 
it is located just under the columns. The maximum vertical 
strain in the end-bearing column groups is located at a depth 
of about 3m below the raft (about one column diameter below 
two surficial stiff layers). 

3- 2- Settlement ratio of SCSFs
Studying the effect of group dimension as well as other 

geometrical and mechanical parameters on settlement 
ratio (Sgroup/Suc) helps extend the readily calculated unit-
cell settlements to obtain a settlement of SCSFs with finite 
dimensions and various conditions. Determination of 
settlement of such stone column groups often requires time-
consuming 3D numerical modeling. Some authors (e.g. 
Priebe [21] and Killeen and McCabe [26]) suggested charts 
or equations for determining Sgroup/Suc based on geometrical 
parameters involved in the problem (B, Lc, Dc, and H). The 
equation presented by Killeen and McCabe [26] is developed 
for small square groups of stone columns beneath a concrete 
raft and it is shown in Eq. (1). Priebe [21] presented two charts 
for determining Sgroup/Suc as a function of H/Dc for strip and 
square rafts having a various number of columns considering 
vertical stress propagation due to loading on small rafts. 
In the current study, variations of Sgroup/Suc with the various 
factors are examined using the results of 3D numerical 
analyses. A close-formed relationship, having a general form 
as Eq. (2) fitted on numerical results of Sgroup/Suc. The general 
form considered is based on the iterative selection of various 

 
 

Fig. 7. Effect of group dimension on vertical effective stresses below concrete strip raft models with OSC and (a) B/H = 0.5, 
Lc/H = 0.57; (b) B/H = 2.0, Lc/H = 0.57; (c) B/H = 0.5, Lc/H = 1.00; (d) B/H = 2.0, Lc/H = 1.00. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Effect of group dimension on vertical effective stresses below concrete strip raft models with OSC and (a) B/H 
= 0.5, Lc/H = 0.57; (b) B/H = 2.0, Lc/H = 0.57; (c) B/H = 0.5, Lc/H = 1.00; (d) B/H = 2.0, Lc/H = 1.00.
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functions for fitting on numerical results. In the end, it is 
shown how constant parameters in this equation (a = f(H/Lc), 
b, and m) can be determined for a specific condition.
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3- 2- 1- Comparison of Sgroup/Suc from numerical analyses 
with design charts

Fig. 9 shows results obtained from the current FE analyses 
presented in the term of Sgroup/Suc compared with those of 
Priebe [21], obtained using analytical methods, and results 
provided by Poulos and Mattes [34], which are based on 
limited field data, which were recommended by Barksdale 
and Bachus [54] for practical use. Results from the current 
numerical study shown in the figure were obtained from 
models with concrete rafts supported by groups of OSC. 
It is worth noting that for the determination of the Poulos 
and Mattes [34] values of Sgroup/Suc shown in this figure, 
their recommended tentative design value of Sgroup/S1col (in 
which S1col is the settlement obtained from a raft on one stone 
column) for any number of columns has been divided here 

by the value of S1000col/S1col they provided in their chart. In 
other words, as noted in the Poulos and Mattes [34] original 
chart, results obtained for a group of 1000 columns (S1000col) 
are considered to be equivalent to those obtained for unit-cell 
conditions. Also, for comparing the current results with those 
of Priebe [21], the practical range of the H/Dc ratio used in 
his charts is considered. The value of H/Dc used in the present 
numerical analysis results shown in Fig. 9 is equal to 14. The 
figure shows that results from the Poulos and Mattes [34] 
chart are relatively consistent with those of the current study 
for end-bearing groups; while the Priebe [21] results are 
generally closer to those of the floating groups. The error bars 
in this figure show the range of settlement ratios for various 
values of Lc/H in the range of Lc/H = 0 to 0.79.

In the current study, the ratio of group width to the 
column length (B/Lc) is selected for correlation with Sgroup/
Suc as suggested by Killeen and McCabe [26]. Various cases 
with different values of Lc/H, Ar, raft stiffness and shape, 
encasement condition, and sub-soil stiffness are examined 
and the effect of B/Lc on the settlement ratio (Sgroup/Suc) is 
studied for the various cases.

3- 2- 2- Effect of Ar and Lc/H
Fig. 10 shows the variation of settlement ratio (Sgroup/Suc) 

with the raft width to column length ratio (B/Lc) for various 
values of column length ratio (Lc/H) and area replacement 
ratio (Ar). Concrete strip rafts supported by groups of 1.0 m 
diameter Ordinary (non-encased) stone columns (OSC) are 
presented in the figure. Results in the figure are for end-
bearing (Lc/H = 1) and floating (Lc/H < 1) OSCs. As shown in 

 
 

Fig. 8. Effect of group dimension on the vertical strains below concrete strip raft models with OSC (a) floating and (b) end-
bearing group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Effect of group dimension on the vertical strains below concrete strip raft models with OSC (a) 
floating and (b) end-bearing group.
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Fig. 9. Comparison of present study results with those of Poulos and Mattes [34] and the Priebe [21] recommended charts 
(for square group models with Dc=1.0 m, OSC, and concrete raft). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Comparison of present study results with those of Poulos and Mattes [34] and the Priebe [21] rec-
ommended charts (for square group models with Dc=1.0 m, OSC, and concrete raft).

the figure, Sgroup/Suc generally increases with an increase in B/
Lc, and for a sufficiently large raft, it asymptotes to unity. It is 
shown in this figure that Sgroup/Suc increases as Lc/H increases. 
Also, it can be seen that Sgroup/Suc is not noticeably influenced 
by Ar for floating groups (different markers having same 
color show different Ar values for a specific Lc/H). However, 
the settlement ratio of end-bearing columns (black markers), 
increases as the Ar increases. Such scattering in Sgroup/Suc of 
end-bearing groups having different Ar is also reported by 
Killeen and McCabe [26]. Sgroup/Suc of end-bearing groups 
may reach values slightly greater than unity for high Ar; 
while, it seems that it asymptotes to unity for large enough 

rafts. Elshazly et al. [32] stated that in the cases in which 
end-bearing stone columns are installed in a very weak soft 
soil, settlement of small groups may exceed the settlement 
of very large groups (unit-cell condition). They found that 
this subject is more intense in the case of flexible rafts on 
end-bearing columns. This issue is discussed more in the 
following. Predicted values of Sgroup/Suc based on Eq. (2) 
are also shown in this figure by dashed lines. Parameters 
a, b, and m are determined based on curve fitting for 
these cases. It must be noted that parameters b and m are 
constant for cases presented in Fig. 10 and parameter a 
varies with Lc/H.

 
 

Fig. 10. Effect of Lc and Ar on Sgroup/Suc (OSC strip group with concrete raft). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Effect of Lc and Ar on Sgroup/Suc (OSC strip group with concrete raft).
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3- 2- 3- Effect of column encasement
Fig. 11 shows the results of Sgroup/Suc of the cases presented 

in Fig. 10 but for “Geosynthetic encased stone columns” 
(GESCs). As shown in this figure, almost the same values of 
curve fitting parameters (a, b and m) as used for OSC groups 
in a specific condition are applicable for the case of GESC 
groups and column encasement has a negligible effect on 
the Sgroup/Suc; because this ratio is obtained by dividing the 
settlement of an SCSF with encased stone columns by the 
settlement of a unit-cell with encased column; and, therefore, 
the effect of encasement on the settlement ratio somehow 
cancels out. On the other hand, as it will be shown in the 
following sections, curve fitting parameters obtained from 
results of Sgroup/Suc in the case of Lc = 0; therefore, they depend 
on the properties of sub-soil as well as loading condition 
(strip or square rafts, flexible or rigid rafts) and it is expected 
that column properties, including column encasement, have 
minor influence on the Sgroup/Suc of such groups.

3- 2- 4- Effect of raft rigidity
The settlement ratio (Sgroup/Suc) of the cases is presented in 

Fig. 10 but for “granular raft” supported by ordinary stone, 
columns are presented in Fig. 12. Comparing the results of 
numerical analyses (markers) presented in Fig. 12 with those 
presented in Fig. 10 shows that generally decreasing raft 
rigidity increases Sgroup/Suc; or in another word, settlement 
of more flexible rafts is closer to the settlement of unit-cell 
condition. For example, considering Lc/H = 0.36 and B/Lc = 
4, for concrete raft Sgroup/Suc = 0.8 while for granular raft it 
is almost equal to 1. It can be seen in Fig. 12 that Sgroup/Suc 
of end-bearing columns for low values of B/Lc in this case 
(granular raft) is considerably larger than unity (up to 1.4). It 
means that using unit-cell idealization for the calculation of 
settlement of end-bearing columns in very soft soils may be 
considerably underestimated.

Increasing raft width cause: 1) an increase in vertical 
stress in depth and 2) provide more lateral confinement for 

 
 

Fig. 11. Effect of column encasement on Sgroup/Suc (GESC strip group with concrete raft). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Effect of column encasement on Sgroup/Suc (GESC strip group with concrete raft).

 
 

Fig. 12. Effect of Lc and Ar on Sgroup/Suc (OSC strip group with granular raft). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Effect of Lc and Ar on Sgroup/Suc (OSC strip group with granular raft).
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columns as a result of an increase in stress in native soil around 
columns. The first effect increases the axial force in columns 
and increases the settlement and the second one increases 
column stiffness and decreases the settlement. Therefore, it 
seems that depending on the conditions, one of the mentioned 
effects may be dominant. A comparison between bulging 
(lateral displacement in the location of column perimeter) of 
central column in the case of floating (Lc/H = 0.57) and end-
bearing (Lc/H = 1), closely and widely spaced stone columns 
(Ar = 25 and 5%, respectively) is shown in Fig. 13. Width of 
raft in these two cases selected as closely as possible (B = 
12.25 m for Ar = 25% and B = 12 m for Ar = 5%). The case 
with Ar = 25% has 7 rows of stone columns and the case with 
Ar = 5% has 3 rows of stone columns. It can be seen in this 
figure that for the case of Ar = 5% and floating column in 
the case of Ar = 25%, increasing raft width (from about 12 

m to infinity) increases bulging as a result of the first effect 
mentioned above; however, for an end-bearing column having 
Ar = 25%, the second effect is dominant (bulging of the central 
column with B = 12 m is greater than bulging of the column 
in unit-cell condition). Since increasing bulging, increases 
the settlement of the raft, and the settlement of the central 
point of a flexible raft is most controlled by the settlement of 
central columns, it is reasonable that the settlement of small 
groups of closely spaced end-bearing stone columns may be 
more than unit-cell condition.

3- 2- 5- Effect of raft shape
The settlement ratio (Sgroup/Suc) of the cases is presented 

in Fig. 10 and Fig. 12 but for the “square raft” supported by 
ordinary stone, columns are presented in Fig. 14 and Fig. 15. 
Comparing numerical results (markers) of Sgroup/Suc for cases 

 
 

Fig. 13. Effect of Ar and Lc on bulging of central column (a) Ar = 5% and (b) Ar = 25%. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Effect of Ar and Lc on bulging of central column (a) Ar = 5% and (b) Ar = 25%.

 
 

Fig. 14. Effect of Lc and Ar on Sgroup/Suc (OSC square group with concrete raft). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Effect of Lc and Ar on Sgroup/Suc (OSC square group with concrete raft).
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having square rafts with related cases having strip rafts shows 
that increasing raft dimension ratio (B/L: ratio of raft width 
to its length) from 0 (for strip raft) to 1.0 (for square raft) 
decreases the Sgroup/Suc and the tendency of strip rafts to reach 
unit-cell condition (Sgroup/Suc = 1) is greater than the square 
rafts. This is because strip raft size is infinite in one direction; 
and, under the same conditions, stresses and settlements in the 
soil mass under a strip raft are closer to those corresponding to 
the unit-cell condition (infinite in both directions) compared 
to square rafts. For example, for the case of the concrete raft 
and Lc/H = 0.36 (green markers) and B/Lc = 5, the value of 
Sgroup/Suc of the strip raft (Fig. 10) is near 1 while for the square 
raft (Fig. 14) Sgroup/Suc is about 0.7. Predicted values of Sgroup/
Suc based on Eq. (2) are also shown in these figures by dashed 
lines. Parameters b and m are the same for the related strip 
raft case and the value of parameter a is half of the related 
values for strip rafts.

3- 3- Curve fitting parameters
Parameters a, b, and m used in Eq. (1) were determined 

based on curve fitting for a specific sub-soil condition and 
various raft rigidities as described in previous sections. 
Fig. 16a shows the variation of parameter a with H/Lc for 
different cases presented previously based on the curve fitting 
procedure. As shown in this figure, a linear relationship can 
be drawn between parameter a and H/Lc. Therefore, parameter 
a can be calculated using Eq. (3):

2

0.61 0.1 0.06group c c

uc c

S L L B
S H H L

                      
 

 
 

(1) 

/1 1
mb

group c

uc

S B L
S a


         

 (2) 

 

1 2
c c

H Ha f a a
L L

   
     

   
 (3) 

 

 
 

0
 

1

/lim 1 1
/

1 1

c

mb

finite raft c
L

infinite raft c

mb

S B L
S f H L

B
a H







                

  
       

 (4) 

 

 (3)

in which a1 = 2/3 for square rafts and a1 = 1/3 for strip rafts 
can be considered. Also, a2 can be assumed equal to 0. If the 

 
 

Fig. 15. Effect of Lc and Ar on Sgroup/Suc (OSC square group with granular raft). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Effect of Lc and Ar on Sgroup/Suc (OSC square group with granular raft).

Fig. 16. Determination of curve fitting parameters for square and strip, concrete and granular rafts in 
Bothkennar soil profile (a) determination of a and (b) determination of parameters b and m.
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settlement of rafts for Lc = 0 having various dimensions (B) 
on a specific sub-soil condition was determined (numerically 
or analytically), the settlement ratio (settlement of finite-
sized rafts without stone column, Sfinite raft, to the settlement of 
infinite-sized raft, Sinfinite raft) can be calculated. On the other 
hand, putting Lc = 0 in Eq. (2) yields:
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Therefore, parameters a1, b and m would be calculated 
using iterative curve fitting of Eq. (4) with settlement ratios 
for Lc = 0. Fig. 16b shows the variation of settlement ratios for 
Lc= 0 for cases presented in Fig. 10, 12, 14, and 15 (markers) 
together with the fitted curve of Eq. (4) on each case. As it is 
shown in this figure, Eq. (4) can properly trace the trend of 
settlement ratios of square and strip, concrete and granular 
rafts without columns. Therefore, curve fitting parameters (a1, 
b, m) for another site soil can be determined using the curve 
fitting procedure of Eq. (4) on results of Sgroup/Suc versus B for 
shallow rafts (Lc = 0); which, can be calculated analytically 
or using simple numerical modeling. It must be noted that 
curve fitting parameters (a1, b, m) for each case were used in 
previous sections.

 
 
 

Fig. 17. Predicted vs. numerically calculated values of Sgroup/Suc for square and strip, concrete and granular rafts in 
Bothkennar soil profile using the proposed method (a) floating groups and (b) end-bearing groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Predicted vs. numerically calculated values of Sgroup/Suc for square and strip, concrete and granular 
rafts in Bothkennar soil profile using the proposed method (a) floating groups and (b) end-bearing groups.

3- 4- Assessment of the accuracy of the proposed equation 
Comparison of predicted and numerically calculated 

values of Sgroup/Suc for cases presented in Figs. 10 to 12, 14, 
and 15 are shown in Fig. 17. For each case, Fig. 17a shows 
floating SCSFs while Fig. 17b shows end-bearing SCSFs. 
Points above the 1:1 line indicate overestimation and points 
below the 1:1 line indicate under-predicted Sgroup/Suc obtained 
from the proposed equation. Although a scattering of cases 
having granular rafts is more than concrete rafts, as shown in 
this figure, the proposed equation can predict well the Sgroup/
Suc of floating SCSFs, while its predictions regarding Sgroup/Suc 
of end-bearing SCSFs are not satisfactory. 

3- 5- Comparison with other methods 
A comparison of the results predicted using Priebe 

[21] and Killeen and McCabe [26] methods with those 
obtained from numerical modeling in the current study 
is presented in Fig. 18. Since Priebe’s [21] method is 
presented for rigid strip and square rafts and Killeen 
and McCabe’s [26] method is developed for rigid small 
square rafts in the Bothkennar site, only numerical 
modeling results of cases with concrete square rafts are 
presented here. As it can be seen in this figure, Killeen 
and McCabe’s [26] methods overestimate Sgroup/Suc for 
large rafts (having larger values of Sgroup/Suc as well) and 
Priebe’s [21] method results are more scattered compared 
with the proposed method (Fig. 17). However, Sgroup/
Suc for end-bearing columns (plus markers) cannot be 
predicted suitably using any of the mentioned methods, 
as well as the proposed method.
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4- Illustrative example of using the proposed equation for 
other site soils

As an example of driving fitting parameters for a different 
sub-soil, two cases having uniform soil profiles consisting of 
a single layer having properties of upper and lower Carse clay 
layers encountered in the Bothkennar site are considered. 
Fitting parameters for concrete, square, and strip rafts 
(without stone column) are determined as shown in Fig. 19. 

Comparison of settlement ratio (Sgroup/Suc) predicted based on 
the proposed equation for floating (Lc/H = 0.06, 0.14, 0.36, 
0.57, and 0.79) and end-bearing column groups having Ar = 
18% and various values of B together with Sgroup/Suc resulted 
from numerical modeling are presented in Fig. 20a and b, 
respectively. As it is shown proposed equation can predict 
well Sgroup/Suc for a different sub-soil condition, especially for 
floating groups.

 
 

Fig. 18. Predicted vs. calculated values of Sgroup/Suc for square rafts in Bothkennar soil profile using Priebe [21] and Killeen 
and McCabe [26] method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18. Predicted vs. calculated values of Sgroup/Suc for square rafts in Bothkennar soil profile 
using Priebe [21] and Killeen and McCabe [26] method.

 

 
 

Fig. 19. Determination of curve fitting parameters for square and strip rafts in uniform native soil consisting of upper and 
lower Carse clay using numerically determined settlement ratio of related rafts (Lc/H = 0). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19. Determination of curve fitting parameters for square and strip rafts in uniform native soil 
consisting of upper and lower Carse clay using numerically determined settlement ratio of related 

rafts (Lc/H = 0).
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5- Conclusion
Numerical modeling of a large number of stone column 

supported foundations (SCSFs) having various values of raft 
width (B), area replacement ratio (Ar), and column length 
(Lc), for two different raft rigidities (concrete and granular 
raft) and two shapes (strip and square), and two-column 
encasement condition (fully encased and non-encased) 
investigated in the current study using FEM. Results of 
numerical modeling of SCSFs in unit-cell condition (i.e. 
infinite group) compared with the results of a well-known 
analytical method in terms of settlement improvement factor 
(SIF). The existence of a good agreement between numerical 
modeling results and those calculated using the analytical 
method verifies the numerical modeling procedure of SCSFs. 
Moreover, numerical modeling results were also compared 
with two other design methods in terms of settlement ratio 
(Sgroup/Suc) and general agreement between results observed.

A general form of the equation for determining Sgroup/Suc 
as a function of B/Lc and H/Lc is presented and three curve 
fitting parameters (a, b, and m) are determined for each 
case of analyses; which parameters b and m are found to 
be constant for a specified raft rigidity and shape. Results 
of 5 cases including 1) strip concrete raft on OSCs, 2) strip 
concrete raft on GESCs, 3) strip granular raft on OSCs, 4) 
square concrete raft on OSCs, and 5) square granular raft on 
OSCs show that the proposed equation can be fitted well on 
Sgroup/Suc for SCSFs in various conditions and the function a 
= f(H/Lc) found to be estimated using a linear equation which 
its slope (a1) is about 0.33 for strip rafts and 0.66 for square 
rafts. Fitting parameters can be determined for another case, 
by fitting procedure on Sgroup/Suc versus B for shallow rafts (Lc 
= 0). Variation of Sgroup/Suc versus B for shallow rafts can be 
determined analytically or using simple numerical modeling. 

A comparison of the results obtained from the proposed 
equation with those obtained from numerical modeling 
shows a good agreement for floating groups while for end-
bearing groups, the accuracy of the results is not satisfactory. 
As indicated in sec. 3-2-4, increasing raft width has different 
effects on groups of floating and end-bearing columns. In 
floating groups increasing raft width increases settlement due 
to propagation of vertical stress in-depth, while in end-bearing 
groups (especially for higher Ar values), increasing raft width 
decreases settlement due to an increase in confinement and 
increase in column stiffness. However, one of the advantages 
of the proposed method compared to the existing methods is 
that the proposed method can be used for different raft shapes 
and rigidities and various sub-soil conditions.
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